The interleukin-1␤ converting enzyme (ICE) family of cysteine proteases has been implicated in apoptosis. This study tested the effects of a novel pan-ICE family inhibitor, bocaspartyl(OMe)-fluoromethylketone (boc-Asp-CH 2 F), against low potassium-induced apoptosis of cultured rat cerebellar granule neurons (CGN). A single application of this cell-permeant compound (20 M) inhibited apoptotic cell death up to 48 h. Classical apoptotic changes were monitored by fluorescence microscopy, DNA fragmentation and scanning electron microscopy (SEM). A control peptidic fluoromethylketone (boc-Thr-CH 2 F), and inhibitors to calpain (Ac-Leu-Leu-norleucinal), cathepsin B (Z-Phe-Ala-CH 2 F), and CPP32-like proteases (Z-DEVD-CH 2 F), failed to prevent apoptotic death. An 35 S-methionine incorporation assay verified that, unlike cycloheximide, boc-Asp-CH 2 F did not inhibit protein synthesis, hence excluding this as a rescuing mechanism. Although ICE was not detected by northern blot analysis, both CPP32 and Nedd2 expression were found to increase during apoptosis. Kinetic assays with cell extracts from boc-Asp-CH 2 F-treated neurons measured reduced rates of cleavage for DEVD-pNA and LEVD-pNA. At present, ICE-like proteases remain viable candidates for mediating neuronal death.
Introduction
on agarose gels. 7 This DNA fragmentation is an early event in the death process of CGN, 8 but is not a characCell death proceeds via two distinct pathways: necrosis teristic feature of all apoptotic systems. or apoptosis. Necrosis, a passive, uncontrolled form of Much of our knowledge of apoptosis derives from cell death, results from physical injury and affects mulgenetic studies with the nematode, Caenorhabditis eletiple foci; organelle swelling and cell lysis eventually gans, 9 whereby a series of genes that control prolead to inflammation and damage to the surrounding grammed cell death were identified. One of these tissue. In contrast, apoptosis is an active, geneticallygenes, ced-3, shares homology with mammalian controlled physiological process with an important interleukin-1␤ converting enzyme, ICE. 10 ICE family role in the development of both the immune and nermembers such as ICH-1/Nedd2 and CPP32 cause apopvous systems. It can also be triggered, however, in totic cell death when overexpressed in vitro. [11] [12] [13] [14] ICHpathological situations. In the nervous system, there is 1 has been further implicated in mediating apoptotic circumstantial evidence favoring a role for apoptosis in death by the observation that antisense Nedd2 inhibits chronic diseases such as Alzheimer's disease (AD) [1] [2] [3] [4] this process in cultured neurons. 15 Importantly, natand Huntington's disease, 2, 5 as well as in acute conurally occurring programmed cell death has been ditions such as stroke. 6 inhibited in vivo by the pharmacological application of Morphologically, apoptosis is characterized by cell ICE inhibitors. 16 shrinkage, chromatin condensation, and membrane The conserved structure of the ICE family allows us budding. Only individual cells are affected at any given to design inhibitors specifically. Each member of this time, and in vivo apoptotic bodies are phagocytosed family of cysteine proteases has a conserved pentapeprapidly by neighboring cells, thereby preventing an tide region (QACRG) surrounding the active site. 17 inflammatory reaction. A biochemical hallmark for These proteases have identical cleavage specificities apoptosis is DNA cleavage by Ca 2+ /Mg 2+ -dependent after an aspartate residue in the P 1 position (Asp-ase endonucleases into oligonucleosomal-sized fragments activity); granzyme B is the only other eukaryotic pro-(multiples of 180 bp) which migrate in a ladder pattern tease known to cleave next to Asp. 18 Hence, peptide inhibitors designed to mimic the aspartate in the P 1 position of known ICE substrates also inhibit other potassium (K + ), they undergo apoptosis. 8, 20 Using this Ultrastructural analysis of neuronal apoptosis Primary neurons were cultured on 15 mm Thermanox well-characterized model we show here that the novel pan-ICE family inhibitor, boc-aspartyl(OMe)-fluoroplastic coverslips (Electron Microscopy Sciences, Ft Washington, PA, USA), treated accordingly, and then methylketone (boc-Asp-CH 2 F), protects CGN against apoptotic morphology and associated DNA fragmenfixed in 5% glutaraldehyde in PBS for 1 h at room temperature, followed by an additional overnight incutation. In addition, CPP32-like and ICH-2-like activities are reduced in cell extracts from boc-Asp-CH 2 F-treated bation at 4°C. All subsequent incubations were performed at room temperature. Cells were post-fixed in 1% neurons. Thus, we propose that ICE-related proteases play an integral role in neuronal apoptosis which may buffered osmium tetroxide for 1 h, washed repeatedly in PBS and distilled water, and then dehydrated in contribute to neurological disorders and neurodegenerative diseases.
ascending changes of ethanol (30%, 50%, 70%, 95%, 95%, 100%, 100%) for 10 min each change. Samples were placed in three 20-min changes of hexamethyldisMaterials and methods ilazane (Electron Microscopy Sciences), and then airdried in a covered petri dish overnight. The samples Primary neuronal cultures were mounted on aluminum specimen mounts Primary cultures of CGN were prepared from 7-day-old (Electron Microscopy Sciences) using 1 : 1 contact Sprague-Dawley rat pups, based on a method cement and conductive graphite adhesive, and stored described previously. 21 Cells were plated onto poly-lin a vacuum dessicator. Twenty-four hours post-gluing, lysine pre-coated 12-well plates or 4-well chamber the specimens were sputter-coated with slides (Nunc Inc, Naperville, IL, USA Cells were treated with low or high K + as described pH 7.4 (Gibco BRL), and maintained in serum-free Dpreviously. Additional cells were preincubated for 1 h MEM (containing only 5 mM KCl) for specified time in high K + with 10 M cycloheximide (CHX; Sigma intervals. These conditions are known to induce Chemical Co); the medium was then switched to low apoptosis in CGN. 8 Control cells were also washed K + containing 10 M CHX. DNA fragmentation was three times with PBS and maintained in the same monitored at 4, 6, 8, and 24 h. media supplemented with 25 mM KCl.
Detection of apoptotic nuclei by Hoechst dye staining
Peptide inhibitors of cysteine proteases Peptide inhibitors of cysteine proteases were purNuclear morphology was visualized by fluorescence microscopy with the nuclear dye, Hoechst 33258 chased from Enzyme Systems Products, Dublin, CA, USA. Boc-Asp-CH 2 F is an active site-directed, irrever-(Sigma Chemical Co). Primary neurons grown and treated in 4-well chamber slides (Nunc Inc) were fixed sible inhibitor of ICE and CPP32 with approximate IC 50 values between 1-10 M against isolated ICE and in 70% ethanol for 3 min, and air-dried. Fixed cells were washed twice in PBS, and then incubated for 5 CP332 in vitro. 23 Designed with an aspartate in the P 1 position, it permits the inhibition of other ICE family min at room temperature with 0.5 g ml −1 Hoechst 33258. Following a 5-min rinse in PBS, the slides were members. The control peptide, boc-threonine-CH 2 F (boc-Thr-CH 2 F), was designed to have no activity mounted in Aqua-poly/mount (Polysciences Inc, Warrington, PA, USA). Apoptotic neurons were disagainst this family. Other peptide inhibitors included in the present study were: the selective cathepsin B tinguished as irregularly-shaped nuclei with condensed or fragmented chromatin. were prehybridized for 4-16 h at 42°C in a buffer containing 50% formamide, 5× sodium chloride/sodium Calpain I activity assay Casein (Sigma Chemical Co) was pre-incubated for 60 citrate (SSC), 25 mM sodium phosphate (pH 7.2), 1× Denhardt's solution, 1% SDS, 2 g ml −1 yeast tRNA, min with 0.01-200 M Ac-Leu-Leu-norleucinal, or 0.2-200 M boc-Asp-CH 2 C, prior to the addition of caland 100 g ml −1 heat-denatured Herring sperm DNA. Thirty to fifty nanograms of the following probes were pain I (Calbiochem). Calpain I activity was then measured in a colorimetric assay according to a method labeled by the random primer method to a specific activity of 0.8-1.2 × 10 9 cpm g
:
an EcoRI fragment described previously. . The blots were then washed twice at 60°C in 2× SSC/0.1% SDS for 20 min followed by one buffer (150 mM NaCl, 5 mM EDTA, 50 mM Tris, pH 7.4, 0.05% NP-40) containing a protease inhibitory wash in 0.2× SSC/0.1% SDS for 20 min. The blot was exposed to phosphor storage screens for 12-24 h and cocktail (10 mg ml −1 PMSF, 5 mM EDTA and 2 mg ml −1 of the following: aprotinin, leupeptin, pepstatin A and quantified using a PhosphorImager (Molecular Dynamics). CPP32 and Nedd2 mRNA levels were norantipain). The cell extracts were snap-frozen on dry ice, rapidly thawed, and centrifuged at 12 000 g for malized to GAPDH mRNA levels. Between hybridizations with the four different cDNA probes, the Nylon 10 min at 4°C. Protein determinations were made on supernatants using the BCA assay (Pierce, Rockford, IL, membrane was stripped in 0.5% SDS/0.1× SSC at 90°C for a total of 20 min and then prehybridized as USA), and 5-g samples were run on a 10-20% Tricine gel. The gel was treated with the fluorographic reagent described above. Amplify (Amersham) and dried as described by the manufacturer. Following 6 h incubation, the cells were washed with PBS and incubated for 10 min on ice with 10 l hypotonic lysis buffer, or HGE (20 mM Hepes, pH 7.4, 5 mM PCR amplification and cloning of rat CPP32 and Nedd2
MgCl 2 , 1 mM EGTA, 0.1% CHAPS, 20% glycerol, 0.1 mg ml −1 PMSF, 0.01 mg ml −1 pepstatin A, and Partial RT-PCR amplifications of rat Nedd2 and CPP32 cDNAs were performed using RNA from adult rat LPS-0.025 mg ml −1 leupeptin). The extracts from each treatment (6-12 wells) were combined, freeze/thawed four treated brain or fetal rat CGN, respectively, as templates, and oligonucleotide primers designed to the times, and stored at −80°C. Extracts were thawed rapidly and centrifuged at 12 000 g for 10 min at 4°C. Propublished mouse Nedd2
15
(forward, BamHI-GCTGTGACTATGACAAGTCTCC; reverse PstItein determinations were made on the supernatants using the BCA assay. Samples were assayed at 30 g TTGGAGCTGA-AGCAGTTTGCCA) and rat CPP32 25 (forward, AGCACTGGAATGTCAGC-TCGC; reverse, per 100 l HGE buffer containing 0.05% BSA. Following a 15-min pre-incubation of the extracts with 10 mM TCAGCATGGCGCAAGTGACT) sequences. PCR conditions were as described previously. 26 PCR products dithiothreitol at 30°C, the following colorimetric substrates (Bachem Bio Inc, King of Prussia, PA, USA) were resolved by agarose gel electrophoresis, purified (Gel Extraction kit, Qiagen), and subcloned into the were added: Z-DEVD-pNA (200 M), LEVD-pNA 
cellular K
+ concentration to 5 mM causes CGN to teases play a prominent role in the apoptotic death of these neurons, by testing the effects of a novel pan-ICE undergo apoptosis.
8 By 6 h in low K + (Figure 1c ), apoptotic features such as cell shrinkage and apoptotic bodfamily inhibitor. SEM analysis revealed that neurons incubated for 18 h with 30 mM KCl remained viable ies were apparent. Cells were typically at different stages of dying. The cell surfaces of these affected neu- (Figure 3a) . In contrast, neurons incubated with 5 mM KCl and 20 M boc-Thr-CH 2 F resulted in extensive rons were highly perforated and surrounding neurites appeared atrophied (Figure 1d) . By 18 h in low K + apoptotic death (Figure 3b) . The boc-Asp-CH 2 -F-treated neurons remained viable (Figure 3c ) but were generally (Figure 1e,f) the majority of neurons were blebbing. Following 24 h in low K + (Figure 1 g,h) , virtually all of smaller in size compared with neurons maintained in high K + . the neurons had died, leaving behind an accumulation of apoptotic bodies and disintegrated neurites.
Apoptotic nuclei were also visualized by Hoechst dye staining and fluorescence microscopy ( Figure 4) . By 6 h in low K
+ , approximately 12% of cells were Apoptosis of CGN is accompanied by DNA fragmentation on agarose gels apoptotic, compared with 1.2% and 4.5% for high K + and boc-Asp-CH 2 F-treated neurons, respectively. By DNA fragmentation is a biochemical marker in some apoptotic systems, and is recognized as a ladder pat-18 h, the extent of apoptotic death had increased to 82% (low K + ); treatment with 20 M boc-Asp-CH 2 F tern on agarose gels. DNA fragmentation was detected as early as 6 h following K + deprivation (Figure 2 , reduced this proportion to 20%, levels comparable to high K + (24%). Other compounds tested, namely Zlane 5). In contrast, neuronal survival was sustained by high K + levels, with minor DNA laddering detected at DEVD-CH 2 F, calpain inhibitor Ac-Leu-Leu-norleucinal, and boc-Thr-CH 2 F were ineffective against apoptotic 24 h (Figure 2 
Calpain activity is not inhibited by boc-Asp-CH 2 F
by a phenol/chloroform procedure. This gel is representative Based on a colorimetric assay, utilizing casein as a subof data obtained from six independent experiments. DNA strate, we determined that Ac-Leu-Leu-norleucinal fragmentation is detected as early as 6 h following K + depri-( Figure 7 ) was able to inhibit calpain I activity in a vation. CHX, an inhibitor of protein synthesis, typically blocks apoptosis-related DNA fragmentation.
dose-dependent manner; by 100 M, calpain activity ). The number of condensed/fragmented nuclei per 100× field was recorded from at least 10 fields. Results are expressed as mean ± s.e.m. (statistical significance vs low K + : *P Ͻ 0.01, **P Ͻ 0.001).
Boc-Asp-CH 2 F inhibits apoptosis but not by inhibiting protein synthesis
By using an 35 S-methionine incorporation assay, we determined that 5 M CHX inhibited protein synthesis (Figure 8a , lanes 7 and 8) whereas 20 M boc-Asp-CH 2 F did not (Figure 8a, lanes 1 and 2) . These results, therefore, exclude the possibility that boc-Asp-CH 2 F inhibits apoptosis in these neurons by inhibiting protein synthesis.
Expression of ICE family members by northern blot analysis
Expression of ICE family members during apoptosis was determined by RNA analysis (Figure 9 ). ICE mRNA was not detected in CGN, reaffirming that ICE is not found in neurons. In general, the constitutive expression of Nedd2 mRNA was higher than CPP32 mRNA expression (Figure 9a and b, respectively) . Following 8 h in low K + , Nedd2 mRNA levels increased by ෂ1.7-fold and remained elevated for 24 h (Figure 9d ). 
Boc-Asp-CH 2 F inhibits the activities of ICE homologs in neuronal extracts
Boc-Asp-CH 2 F inhibits the cleavage of Z-DEVD-pNA, or CPP32-like activity. Likewise, ICH-2-like activity, measured by the cleavage of LEVD-pNA, was reduced was reduced by almost 70%. In contrast, boc-Asp-CH 2 F had no inhibitory effect on calpain activity over the in granule cell extracts from boc-Asp-CH 2 F-treated neurons ( Figure 10 ). range of concentrations tested. In newborn rat cerebellum, evidence for programmed Calpain I activity was measured using a colorimetric assay cell death, a form of naturally-occurring apoptosis, has according to a previously described method. 24 The substrate, been detected. 27 In vitro, apoptosis can be induced in casein, was pre-incubated for 60 min with varying concenthe major cell type of the cerebellum, namely the grantrations of boc-Asp-CH 2 F (-̅-) or Ac-Leu-Leu-norleucinal (-b-), prior to the addition of calpain I. Unlike Ac-Leuule neurons, by K + deprivation. In the present study, Leu-norleucinal, boc-Asp-CH 2 F had no effect on calpain we monitored the associated changes in morphology, activity.
DNA fragmentation, and mRNA expression of the cyst- eine proteases. Neurons began to die following 6 h findings that a novel inhibitor against ICE family members, boc-Asp-CH 2 F, can arrest apoptosis in these cells. exposure to low levels (5 mM) of extracellular K + .
Features typical of apoptosis including morphological
Quantitation of apoptotic neurons clearly demonstrates that boc-Asp-CH 2 F reduces the extent of apoptotic changes (cell shrinkage, membrane blebbing, nuclear condensation/segmentation, apoptotic bodies) death to levels comparable to high K + treatment. Morphologically, boc-Asp-CH 2 F-treated neurons are gener- (Figure 1) , DNA fragmentation in a characteristic ladder pattern on agarose gels, and the delay of apoptosis ally smaller in size compared with neurons maintained in high K + (Figure 3) . From this evidence, we can by inhibitors of protein synthesis (CHX), were observed in this system (Figure 2) . Hence, this is a classicallyassume that although inhibition of the ICE family arrests the cell death cascade, other signals and pathdefined model of apoptosis.
Although the signaling pathways and molecular ways may promote long-term survival and differentiation of CGN. Potentially, boc-Asp-CH 2 F can be used mechanisms regulating apoptosis are ill-defined, a role for intracellular calcium has been proposed. 20 CGN to support cells through periods when survival factors are temporarily unavailable. Importantly, these treated survive on sustainable levels of cytosolic calcium which are maintained under high K + conditions in neurons retain the ability to respond to high K (Figure 9b and d, respectively) . In addition, the activities of ICH-2-like and CPP32-like proteases are reduced in cell extracts from boc-Asp-CH 2 F-treated neurons ( Figure 10) ; the colorimetric pNA substrates used in our studies are cleaved by multiple members of the ICE family with different degrees of selectivity. The information gained from these assays is that there is indeed ICE-homolog activity in our neuronal extracts which is inhibitable by boc-Asp-CH 2 F. Whether apoptosis is blocked by boc-Asp-CH 2 F inhibiting one particular ICE homolog or a combination of homologs remains to be elucidated. This distinction awaits investigation with inhibitors and substrates that the possibility that the rescuing mechanism of boccance: *P Ͻ 0.05; **P Ͻ 0.001).
Asp-CH 2 F is to inhibit protein synthesis (Figure 8 ). Hence, other underlying mechanisms are involved here.
In lymphocytes, CPP32 inhibition only blocks fasmediated apoptosis, suggesting that a different set of compound, therefore, appears to have no obvious homologs are operating in the two paradigms of adverse effects on neurons. In contrast, neurons treated apoptosis. 29 Z-DEVD-CH 2 F is known to inhibit CPP32-with CHX under the same conditions, cannot be like activity in cytotoxic T lymphocytes undergoing redeemed by K + -treatment; 30 h following the switch to apoptosis, but this inhibition does not prevent high K + , DNA fragmentation is observed in these cells apoptosis (Vasilakos et al, submitted). We found that (results not shown).
Z-DEVD-CH 2 F penetrates cells and inhibits CPP32 To implicate ICE family proteases in our neuronal activity, based on reduced PARP-cleavage detectable system, we needed to ensure that boc-Asp-CH 2 F was on a Western blot probed with an anti-PARP antibody not inhibiting other non ICE-related cysteine proteases.
(results not shown). Treatment with Z-DEVD-CH 2 F, up We determined that unlike Ac-Leu-Leu-norleucinal, to 100 M, however, did not prevent DNA fragmenboc-Asp-CH 2 F had no effect on casein cleavage by caltation in CGN (Figure 5a , lane 6), and Hoechst staining pain I (Figure 7) . We also addressed whether the inhirevealed that over 90% of these neurons were apoptotic bition of non ICE-related cysteine proteases blocks ( Figure 4 ). While it seems likely that a cysteine proapoptosis. The inhibition of calpains I and II by Actease is involved, inhibition of CPP32-like proteases Leu-Leu-norleucinal did not block apoptosis (Figure 4 alone is not sufficient to block the apoptotic pathway and Figure 5c, lane 4) . Likewise, the inhibition of in this system. cathepsin B, by Z-Phe-Ala-CH 2 F, did not prevent DNA In summary, then, although the inhibition of CPP32-fragmentation (Figure 5b, lanes 6 and 7) . Formerly, like proteases alone does not arrest cell death, and the investigators showed that Z-Phe-Ala-CH 2 F gets into involvement of ICE has been excluded, ICH-1/Nedd2 cells and inhibits cathepsin B activity. 28 The serine and ICH-2-like proteases remain viable candidates for protease, granzyme B is the only other eukaryotic promediating CGN apoptosis. tease with Asp-ase activity; 18 however, since granzyme B is not found in neurons, we have excluded the Role of ICE-related cysteine proteases in other models involvement of this protease in our neuronal system. of apoptosis For a control peptide we used boc-Thr-CH 2 F, which
The effectiveness of boc-Asp-CH 2 F in peripheral neuhas no activity against the ICE family. This peptide was rons has also been addressed. 23 Consistent with the ineffective against apoptotic death reinforcing the fact present study, these investigators found that boc-Aspthat the selective inhibition of Asp-ase activity is CH 2 F (BAF) was protective against nerve growth factor necessary to block apoptosis, and that ICE-related prowithdrawal-induced apoptosis in superior cervical ganglia, and that BAF operates in the apoptotic pathteases are mediating neuronal apoptosis in this system. their prospect for therapeutic intervention in brain dis- 
